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Abstract

The continuous development of high performance chips and growing miniaturization
trend in the electronics and microelectronics industry requires efficient systems removing large
amount of heat over a small footprint. It has been experimentally proven that pool boiling has the
ability to remove large heat fluxes by maintaining a small value of wall superheat. This heat
transfer performance can be further augmented with the use of enhanced surfaces. The present
research is focused on developing microporous surface coatings on the plain and microchannel
surfaces to further enhance pool boiling heat transfer.
In this work, a two-step electrodeposition technique involving application of high current
densities for a short time, followed by a lower current density for a longer time was investigated.
This technique was developed to control the pore size and porous layer thickness on copper
substrate. Detailed analysis of the electrodeposition process was conducted, and parameters for
creating different morphologies for of enhanced surfaces were obtained. Variety of morphologies
were prepared and tested for pool boiling heat transfer performance. Cauliflower like
morphology yielded maximum critical heat flux (CHF) of 1,490 kW/m2 with degassed water
boiling giving maximum heat transfer coefficient of 179 kW/m2 °C.
The study was further expanded to microchannel surfaces. The optimal electrodeposition
parameters were employed to selectively coat the fin tops of open microchannel structures.
Effects of geometrical parameters of the microchannels were investigated on pool boiling
performance at atmospheric pressure. A maximum value of critical heat flux of 3,250 kW/m2
was obtained for Chip 9 (fin width = 200 µm, channel width = 500 µm and channel depth = 400
µm) at a wall superheat of 7.3 °C. A record value of heat transfer coefficient of 995 kW/m2 °C
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was achieved for Chip 12 with a different channel width of 762 µm and a heat flux of 2,480
kW/m2 at a wall superheat of 2.5 °C.
High speed images of the boiling process were obtained and the bubble dynamics and
heat transfer mechanism were studied. The bubble growth and heat transfer processes are altered
when the boiling takes place preferentially on the fin tops only. The visual studies indicate a
microconvective mechanism in which bubbles leaving from the fin tops induce a liquid
circulation in the microchannels. A theoretical model of the heat transfer and bubble dynamics
was proposed. The model is not a predictive model, but gives a general idea of the heat transfer
process.
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Nomenclature

A

Area of the electrode

A1

Nucleation rate

By

Bias error

°C

Degrees Celsius

C*

Concentration of copper ion

D

Diffusion coefficient

Dh

Hydraulic diameter

Epa

Peak voltage at anode

Epc

Peak voltage at cathode

F

Faraday constant

hl,g

Heat transfer coefficient (W/m2 °C)

Ipa

Peak current at anode

Ipc

Peak current at cathode

Id

Decay in current

i

Value of instantaneous current

kcu

Thermal conductivity of copper

iv

M

Molar mass

mA

Mill amperes

Nux,h

Local Nusselts number

im

Maximum current during cyclic voltammetry

n

Number of electrons

Pe

Peclet’s number

Pr

Prandtl’s number

Pl

Liquid pressure (N/m2 )

Pv

Vapor pressure inside the bubble (N/m2 )

Py

Precision error

Re

Reynolds number

Rc, min

Minimum radius of the cavity to initiate nucleation (µm)

Rc, max

Maximum radius of the cavity to initiate nucleation (µm)

Rc, critical

Critical radius of the cavity (µm)

q”

Heat flux

T

Temperature

∆T

sat

Wall superheat at saturation (°C)

v

∆T

sub

Wall superheat at sub cooling (°C)

t

Time duration of electrolysis

tm

Time at maximum current during cyclic voltammetry

Up

Uncertainty in a given parameter

Uy

Uncertainty

Vm

Mean velocity of the fluid (m/s)

x

Distance from the entrance region of the flow (µm)

x*

Non dimensional x [

ρ

Density

Π

Constant in Cottrell’s current-time relationship

Ϭ

Surface Tension (N/m)

ρv

Density of fluid (kg/m3 )

Θr

Contact angle of water with copper in degrees

]
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1. Introduction

As a result of widespread introduction of microelectronics and its increasing demands of
functionality and reliability, thermal-management is becoming an important problem to tackle
and has attracted special attention in almost every branch of the industry. Conventional air
cooling systems will not suffice the future requirements due to combined effects of increasing
heat fluxes and miniaturization. For efficient and safe working of the electronic devices, it is
important to keep temperatures of the chips under 85°C [1]. Improvement in heat transfer will
result in lower sizes of equipment’s being used, resulting in increased efficiency and reduction in
usage of fossil fuels. Compared to most other cooling techniques, pool boiling seems more
attractive, and is being investigated by many researchers due to its ability to carry large amounts
of heat at low wall superheats. In addition, this mechanism contains no moving parts [2]. The
heat transfer can be enhanced either using active devices like ultrasonic vibrations, electrostatic
fields etc. or passive methods like porous surfaces, structured surfaces like finely cut grooves,
finned or knurled surfaces etc. [3]. The present study deals with enhancement of heat transfer
using combination of multiple passive techniques, namely porous media over open microchannel
surfaces.
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2. Literature review

To understand heat dissipation using boiling, it is important to understand a pool boiling
curve. The curve shown in Fig. 1 is a classical pool boiling curve, which is a plot of heat flux
against excess wall temperature (wall superheat).
The curve is divided in 4 regimes [4]
1) Natural convection Boiling
2) Nucleate Boiling
3) Transition Boiling

Heat Flux (W/m2 )

4) Film Boiling

Wall super heat (∆T=Ts-Tsat ) °C

Figure 1 Pool boiling curve, (Reproduced from Incropera) [1]
When the wall superheat is low, the heat is transferred from heated surface to bulk liquid
via natural convection. No bubbles are observed. When this temperature difference rises to a
certain value corresponding to point ‘A’, small vapor bubbles are observed discretely on certain
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preferred sites heater surface. These sites are generally microscopic imperfections on the solid
surface, called nucleation sites.
Once nucleation is initiated, under right conditions, the bubble grows and nucleates from
the heater surface and rises to free surface of liquid. As the temperature rises beyond point B,
additional nucleation sites become active and the rate of generation of bubbles increases. This
increases the heat dissipation rate significantly till point C, where heat flux eventually reaches a
maximum value, referred to as the critical heat flux (CHF). It is the point where maximum
amount of heat can be dissipated with the liquid still re-wetting the surface.
Beyond point C, the bubble generation rate exceeds bubble detachment rate from the
surface. These bubbles combine to form a vapor film on heater surface, preventing the liquid to
come in contact with the surface. In the region between point C and D, the vapor films are not
stable. It can detach from the surface and restore the contact with liquid. Under these conditions,
the surface temperature may fluctuate rapidly. Since the boiling in this region combines unstable
film boiling and nucleate boiling, it is called transition boiling.
Beyond point D, the bulk liquid and heating surface are completely separated by vapor
film. The boiling process now occurs at vapor-liquid boundary. In film boiling, the surface heat
flux becomes a function of temperature because of heat transfer from surface to liquid is by
means of radiation. This continues till the surface reaches the maximum allowable temperature,
which is melting temperature of the heated surface, indicated by point E.
From the curve it can be seen that for a relatively small wall superheat, Pool boiling has
capacity to dissipate large amounts of heat.

3

Table 1: Typical values of convection heat transfer coefficient [1]
h (W/m2 K)

Process
Free convection
Gases

2-25

Liquids

50-1000

Forced convection
Gases

25-250

Liquids

100-20,000

Pool Boiling

2500-100,000

Table 1 shows that pool boiling has capacity to dissipate large amount of heat, due to a
high heat transfer coefficient. Also from the pool boiling curve, it can be observed that it has
ability to carry large amounts of heat at a relatively smaller wall superheat, making it a strong
candidate for cooling applications in high powered electronics.
It is important to understand the limitation of this application though. Once, the process
approaches CHF, there is a slight chance of it entering into transition boiling which will give the
system a thermal shock, or film boiling, resulting in heating of the chips instead of cooling.
2.1.

Bubble nucleation

One of the important conditions for bubble nucleation is that the temperature of the
heated surface must be greater than the saturation temperature of the fluid. On the surface, there
exist cavities with vapor entrapped in it. For the vapor bubble to grow, the temperature of the
fluid surrounding it should be greater than saturation its temperature. The vapor pressure inside
the bubble is given by
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(1)

Figure 2 Nucleation criteria for bubble growth
Where, Pv is vapor pressure inside the bubble, P l is pressure of liquid,

is the surface

tension and R is the radius of the bubble. This proposes that the vapor pressure inside the bubble
is inversely proportional to the radius of the bubble, suggesting that the surface temperature
should be greater than fluid temperature in order for nucleation to take place. This means that for
a bubble of diameter 1μm, of the required superheat is 17°C for water at one atmospheric
pressure, while a 1 mm diameter bubble needs a superheat of only 0.017°C. The range of radii of
the cavity for active nucleation is given by [5]

(

)

(

) (

√

(

)

)

(2)

If the cavities lie in the range given by Eq. (2), they will act as active nucleation sites.
Surface properties of the substrate play an important role in determining the onset of nucleate
boiling. If the surface has a mirror finish, it will result in higher wall superheat requirement due
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to non-availability of cavities satisfying the nucleation criterion given by Eq. (2). For any given
wall superheat the value of critical radius is given by
Rc, critical =

(

)

(

)

(3)

Equation (3) gives the value of the radius of the cavity where the first bubble nucleates
for given wall superheat. SEM images of the microporous surfaces, shown in further sections,
show cavities in the range of the critical radius.
2.2.

Porosity

Porosity is an indication of empty spaces or voids in the material (Fig. 3). It is generally
measured between 0-1 or as percentage between 0-100 percent. The ability of the material to
transmit fluids is called permeability. Size of the opening of the pores (holes) is termed as pore
size. Due to existence of porosity on thin films, ductility, elastic modulus and adhesion
decreases, making it a loose structure. Also, reduced corrosion resistance and electrical
resistivity is observed. Also, porosity can be used to enhance heat transfer process.

Figure 3 Porous surface
6

2.3.

Pool Boiling Mechanism

To enhance performance of pool boiling heat transfer, it is important to understand the
underlying mechanism of bubble dynamics, which is studied extensively by researchers. Pool
boiling over flat surfaces has three basic mechanisms involved, namely transient conduction,
transient convection, and micro layer evaporation [6,7]. In transient conduction, the rewetting of
the base of a departing bubble causes a sudden cooling of the heater surface as the liquid layer
adjacent to the heater surface is heated. The liquid around the bubble experiences increased
convection currents due to rapid growth and departure of a nucleating bubble. This leads to the
transient convection mechanism. Also, a thin layer of fluid adheres on the heater surface in the
region covered by the bubble base and evaporates, leading to micro layer evaporation.
The relative contributions from these mechanisms to the pool boiling heat transfer have
been a subject of intense research since 1950s. A good review of the heat transfer mechanisms
and their contributions is given by Moghaddam and Kiger [7]. Dhir et al [8] presented an
exhaustive review of the numerical work done in this area to partition contributions from
different heat transfer mechanisms.
2.3.1. Porous Surfaces
Several authors studied the heat transfer mechanisms on porous surfaces. O’Neil et al. [9]
proposed that vapor is generated in porous network and is squeezed out of an open pore. The
escaped vapor creates an open space, and liquid is supplied through other pores that are not
vapor escape channels. Bergles and Chyu [10] concluded that there is a steady vapor formation
inside the porous matrix. There are preferred vapor escape passages, and liquid is furnished
through porous networks surrounding these passages. Wang et al. [11] suggested that the
7

numerous cavities in porous network act as nucleation sites. Once the large bubbles depart, the
smaller nucleation cores underneath the larger bubbles become active. Higher the nucleation
frequency, higher the heat dissipated from the surface. The rapid evolution of bubbles creates a
large vapor column after departure and creates a turbulent convective flow, further enhancing the
heat transfer rate. The porous matrix structure also promotes upward squirt effect. Figure 4
shows a representation of this mechanism. Mankovskij et al.[12] Identified that the liquid phase
convection process inside the liquid filled capillaries is a dominant factor in enhancing pool
boiling heat transfer. The convective heat transfer in the pores is inversely proportional to the
hydraulic diameter of the flow passage. According to model proposed by Smirnov [13], there are
vapor chimneys in the porous matrix, and part of the liquid returns back to the nucleation site
like a reflux, as in the chimney walls. He proposed that the formation and motion of vapor in the
matrix is determined by the processes taking place near the wall. Cieslinski [14] observed that
critical heat flux is set by the rate at which the vapor escapes without obstructing flow paths. It is
dominant as compared to the rate of formation of vapor.

Figure 4 Mechanism of boiling in porous surfaces proposed by Wang et al. [10]
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2.3.2. Microchannel surfaces

Microstructures such as pin fins have been studied extensively for pool boiling
enhancement [15]. Open microchannels were investigated by Cooke and Kandlikar [16] for pool
boiling on 10 mm x 10 mm square copper chips with water at atmospheric pressure. They
observed

nucleation at relatively low heat fluxes and noted that nucleation occurred

preferentially on the top surfaces (land regions) of the microchannel fins. Due to this, the
channels remained flooded with water, and provided a pathway for water to the nucleation sites
on the fin tops. Figure 5 shows schematic of bubble dynamics as observed by the authors.
However, at higher heat fluxes, nucleation appeared to occur in microchannels as well.

Figure 5 Mechanism of bubble dynamics on open microchannel surfaces as proposed by
Cooke and Kandlikar [14]. Reprinted with permission from Authors.
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Table 2 provides a comprehensive summary of work done by different researchers. It
summarizes the work done based on the surface modification, substrate material, working fluid
and its heat transfer characteristics.
Table 2 Comprehensive summary of literature review
Sr.
no.
1

2

3

Author

Year

Bergles and
Chyu [17]

1982

You et al. [18]

Memory et al.
[19]

4

Chang and
You [21]

5

Golobic and
Ferjancic [20]

Heated surface
modification

Substr
ate

Working
fluid

Brazed surfaces

Bronze

Water,
Freon

1992

Fine powder in
nebulizer and sprayed
vertically downwards
with compressed air,
and dried by mixing
clean air with it.

Copper

FC-72

1995

Spray coating binder,
metallic powder and
brazing powder, and
further heated to melt
brazing powder

Heat transfer
characteristics
Heat transfer
coefficient
enhanced by 250%
with water, 400800% with Freon

285 kW/m2 at wall
superheat of 15°C.

R-114 and As oil percentage
oil
increases,
mixture
performance drops

1997

Mixture of copper
powder, binder and
MEK, applied using a
spray gun and
compressed air.
Heated in oven at
150°C for an hour

Copper

FC-72

CHF 268 kW/m2 ,
100%
enhancement in
critical heat flux,
80-90% reduction
in boiling
incipience, 30%
enhancement in
heat transfer
coefficient

2000

Spray paint gun with
binder, combination
of different metals
and metal oxides

Ribbon
heater

FC-72

29-130%
enhancement in
CHF

10

6

Hanlon and Ma
2003
[22]

7

Li et al. [24]

8

Weibel et al.
[23]

2006

2006

2006

9

Kim [31]

2006

10

Launay et al.
[39]

2006

150 micron powder
sintered 840°C900°C for 12-45 min.
Gradually decreased
thickness
Copper mesh at
1030°C in 75%
Nitrogen and 25%
Oxygen for 2 hours
Copper samples
sintered at natural
packing density
Multistage
electrodeposition in
bath having copper
sulfate, sulfuric acid
and hydrochloric
acid, with initial
current densities of
0.166, 0.25, 0.33, 0.5,
1, 1.2 A/cm2 for 2030 sec followed by
0.05A/cm2 for 80
minutes.
Nickel powder,
solder paste and IPA,
heated to 100°C to
vaporize alcohol and
further heated to
250°C to melt solder
paste, allowed to cool
to room temperature
Carbon nanotubes on
enhanced micro
machined structures
using Chemical vapor
deposition

11

Copper

water

Dryout heat flux
depends on wick
thickness

Copper

Distilled
Water

Heat Transfer
Coefficient of
117.3 kW/m2 K

Copper

Water

Highest heat flux
596.5 kW/m2 at
wall superheat
26°C

Copper

Water,
FC-72,
R-123

250-700%
enhancement in
boiling
performance, 5060% in CHF

Copper

R-123,
FC-72,
methanol
and water

2,000 kW/m2 with
water at 17°C wall
superheat, 40-60%
enhancement in
HTC

PF-5060,
Deionized
water

CHF at 270
kW/m2 and wall
superheat 40°C
with PF 5060 and
1,300 kW/m2 and
wall superheat
75°C with
deionized water

Copper
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Ujereh et al.
[36]

2007

Deposited carbon
nanotubes using
chemical vapor
deposition at 900°C
under methane and
hydrogen gas flow in
tube furnace.

Copper
and
Silicon

FC-72

Compacted under 1550 MPa pressure at
350°C and then
sintered to create
desired 2D and 3D
structures and
sintered at 900°C for
1 hour

Copper

n-pentane

Copper

Water

Copper

n-pentane

815 kW/m2 at wall
superheat of 20°C

water

Higher porosity
and thickness gave
better results,
maximum heat
flux increased by
8-14 times and 5-8
times for tube.
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Min et al. [25]

2009

13

Mori and
Okuyama [32]

2009

14

Cora et al. [26]

2010
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Wang et al.
[11]

2010

Honeycomb plate
attached to boiling
surface
Modulations with 100
microns copper
powder. First
method- 15-50 MPa
and 350-500 °C for
compacting, Sintered
at 900°C for 1 hour.
Second method- they
first sintered the
surface and then
compacted it
Carbon steel sintered
0.25mm layer of
bronze bonded with
polystyrene and
dimethyl benzene,
heated at 400°C for
30 min with
Hydrogen
atmosphere, sintered
at 760°C for 2 hours

12

Carbon
steel

For silicon critical
heat flux 181
kW/m2 at wall
superheat 7.9°C,
for copper CHF 26
W/cm2 at wall
superheat 10°C.
2D structure
created under 25
MPa pressure,
350°C
temperature, with
a length of 1.8 mm
length, a width of
1 mm width, and 1
mm peak to peak
distance was the
best performing
surface.
2510 kW/m2 at
wall superheat of
50°C
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El-Genk and
Ali [28]

17

Forrest et al.
[34]

18

19

20

21

22

Wu et al. [15]

McHale et al.
[38]

Yao et al. [40]

2010

Multistage
electrodeposition in
bath having copper
sulfate and sulfuric
with initial current
density of 3A/cm2 for
20-30 sec followed
by 0.05A/cm2 for
thousands of seconds.

copper

2010

Thin film coatings
using layer by layer
deposition process

2010

2011

2012

TiO 2 layer using 1%
TiO 2 -ethanol solution
droplet which was
spread on surface and
heated to 200°C
forcing ethanol to
evaporate.
Carbon nanotubes
over sintered copper
surfaces, grew
nanotubes using
microwave-plasma
chemical vapor
deposition technique
Copper nanowires on
flat copper substrate,
using AAO template
and electrodeposition
process

PF-5060

287 kW/m2 at wall
superheat 2K with
heat transfer
coefficient 13.5
W/cm2 K

Nickel
wire

Water

1,583 kW/m2 at
wall superheat of
15°C

Copper

50.4%
enhancement of
water, FC- CHF with water,
72
38.2%
enhancement of
CHF with FC-72

Copper

Deionized
water

Testing restricted
to flux of 550
kW/m2 due to
limitations of test
setup

Water

1,600 kW/m2 at
wall superheat
11.2 K

Copper

Tang et al. [15] 2012

Two step alloying-dealloying procedure

Copper

Deionized
water

Im et al. [15]

NaOH and 0.1 M
(NH4 )2 S2 O8 solution
prepared, Copper
dipped in the solution
for one hour

Copper

PF-5060

2012

13

33-44% porosity,
50-200 nm pore
sizes, 66.33%
reduction in wall
superheat at heat
flux of 20 kW/m2
58% enhancement
in CHF for flat
surface, 30%
enhancement in
CHF for
microgrooved
surface
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Weibel et
al.[23]

2012

Carbon nanotubes
over sintered copper
surfaces, using
electron beam
deposition technique
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Cooke and
Kandlikar [35]

2012

Microchannel
surfaces

Copper

Distilled
Water

2012

Chemical bath to
deposit flowerlike
CuO microstructures
by oxidizing copper
substrate and creating
a thin film

copper

PF-5060
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Im et al. [15]

Copper

Water

Wall superheat
reduced by 72%,
for patterened
surface, 30%
reduction in
superheat
temperatures at
high heat fluxes
CHF 2,510 kW/m2
at wall superheat
of 8°C.
Critical heat flux
enhanced by 58%
for flat substrate,
30% for
microgrooved
substrate.

Heat transfer using microporous media have been widely studied in literature. Bergles
and Chyu created porous surfaces on bronze using a proprietary technique, achieving 250%
enhancement in heat transfer coefficient with water and 400-800% with Freon [17]. You et al.
[18] Memory et al. [19], and Golobic and Ferjancic[20] created microporous surfaces using
spray gun and fine powder of copper or other metals and their oxides and spraying them on the
surfaces. You et al. [18] tested these surfaces with FC-72 and achieved a critical heat flux of 28.5
W/cm2 at wall superheat of 15°C. Memory et al. [19] tested their surface with combination of R114 and oil and determined that increasing oil quantity blocks the pores, deterring heat transfer.
Golobic and Ferjancic [20] created a porous media of different metals and their oxides on a
ribbon heater and tested wit with FC-72, and achieved 29-130% enhancement in critical heat
flux. Chang and You [21] created a mixture of copper powder, a binder and a carrier fluid
(Methylethylketone), applied it on copper surface and heated in an oven to evaporate the carrier
fluid. With this porous media consisting of copper held together by binder, they achieved 100%
enhancement in critical heat flux and 30% enhancement in heat transfer coefficient when tested
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with FC-72. Hanlon and Ma [22] created sintered surfaces on copper using 150 μm powder and
tested them with water, concluding that dry out heat flux depends on wick thickness. Weibel [23]
sintered copper at their natural packing density, achieving 596.4 kW/m2 at wall superheat 26°C.
Li et al. [24] sintered copper mesh to copper substrate under hydrogen and nitrogen atmosphere.
They obtained a highest heat transfer coefficient of 117.3 kW/m2 K. Cora et al. [25] created
modulated surfaces by two different techniques, namely compacting followed by sintering, and
sintering followed by compacting. With n-pentane as working fluid, they achieved 815 kW/m2 at
wall superheat 20°C. Min et al. [26] created similar 2D and 3D structures for enhancing heat
transfer. Wang et al. [11] created sintered surface on carbon steel, and upon testing with water
observed that maximum heat flux increased by 8-14 times for flat surface, and 5-8 times for a
tube. Based on Albertson’s patent [27], Kim devised a technique to electrodeposit enhanced
surface on copper substrate in multiple stages. In first stage, they applied high current density to
evolve hydrogen bubbles, simultaneously depositing copper, leaving behind copper foam.
Porosity of this foam is reduced by slowly depositing copper at lower current density. When
tested with water, they got 250-700% enhancement in boiling performance and 50-60%
improvement in critical heat flux. El-Genk and Ali [28] created similar surfaces and tested them
with PF-5060 and achieved maximum heat flux of 28.7 W/cm2 at wall superheat of 2 K, with no
temperature overshoot. Lee et al. [29] used electrodeposition and anodization process on
aluminum to obtain the enhanced surfaces, and got a maximum heat flux of 85 kW/m2 at wall
superheat of 9 K when tested with water. Ahn et al [30] anodized Zircolay-4 samples to create
enhanced surfaces, and found these surfaces to be hydrophilic and critical heat fluxes obtained
were beyond the predicted values by available models. Kim [31] prepared porous nickel surface
by soldering it together using a plumbing solder, giving a critical heat flux of 200 W/cm2 at 17°C
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wall superheat, yielding 40-60% enhancement in critical heat flux in their samples. Mori and
Okuyama [32] created an enhanced surface by attaching a honeycomb plate to the boiling
surface, attaining a highest heat flux of 2,510 kW/m2 at wall superheat of 50°C. Im et al. [33]
created thin film of flowerlike CuO and tested with PF-5060, attaining 58% enhancement in
critical heat flux for flat surface and 30% for microgrooved surface. Forrest et al.[34] created an
enhanced surface on nickel wire using layer by layer deposition process, and achieved a
maximum heat flux of 1,583 kW/m2 at wall superheat of 15°C. Cooke and Kandlikar [35]
achieved highest heat flux of 2,510 kW/m2 at wall superheat of 8°C using open microchannel
surfaces. Many researchers [36–39] have tested the effects of carbon nanotubes over copper
substrate. For microelectronics cooling, effects of pool boiling of variety of fluids over silicon
substrate are being extensively studied [36,40–47]. All these techniques were reviewed in [15].
Based on this literature review, it was established that microchannel surfaces are best
performing surfaces, and porous media enhances critical heat flux and heat transfer performance.
This served as a motivation for carrying out the present research. A hypothesis based on
literature review was; with the microporous coating on the fin tops, bubble nucleation is
expected to occur preferentially at the fin tops at even lower wall superheats compared to Cooke
and Kandlikar [48] results. Further, the porous coating was expected to provide preferred
nucleation (as opposed to nucleation at the bottom of the channels), even at higher heat fluxes.
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2.4.

Objectives of research

The present research is aimed at enhancing pool boiling heat transfer using a combination
of microchannels and microporous surface. The objectives of this research were


Develop a test setup to test the developed surfaces for their heat transfer performance
with the least possible error and obtain their pool boiling curves



Develop a process to obtain microporous surfaces of a variety of morphologies on top of
a plain copper chip and study the effects of different morphologies on pool boiling heat
transfer.



Develop a process to selectively deposit the best performing morphology of microporous
surfaces on top of the microchannel fins and test the surfaces for pool boiling heat
transfer



Obtain high speed images to understand the underlying heat transfer mechanism and
bubble dynamics



Analyze experimental data and high speed visuals to propose a theoretical model of heat
transfer
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3. Test setup
3.1. Test setup description

Figure 6 Schematic of the test setup used to evaluate pool boiling heat transfer
performance
An experimental setup was designed to study pool boiling heat transfer of water over the
enhanced surfaces at atmospheric pressure. The schematic of this setup can be seen in Fig. 6. The
setup had two large windows, enabling visual access to study the bubble dynamics. Overall
dimensions of the setup are 215 mm x 150 mm x 76.2 mm. The setup primarily consists of an
aluminum block machined as the holding block for the pool boiling tests. Observation windows
from both the sides are held together using 6 M8 bolts, compression plates and gaskets to make
the area leak proof. The entire assembly is held on the copper heater by four screws fixed to the
aluminum base. A copper heater comes in contact with the test surface from underneath the
setup. This heater sits on an insulating ceramic base, which is supported by the aluminum block.
The extra area of the chip beyond the central 100 mm2 electrodeposited section is sealed tightly
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using rubber silicone gasket and a stainless steel plate, exposing only the enhanced surface to
boiling water.

Figure 7 Schematic of chip holder assembly

Figure 7 shows schematic of the chip holder assembly. The test chip sits on a ceramic
chip holder, thermally insulating the aluminum block. The ceramic was 25.4 mm x 25.4 mm x
9.525 mm thick. It was sealed using a 1.5 mm thick silicone rubber gasket under it and 0.5 mm
silicone gasket over. It had a pocket 14 mm x 14 mm x 6.525 mm deep from its lower side to
provide the access to the heater area of the chip. The 0.5mm thick gasket on the top was held
tightly on the test section using a stainless steel plate. This assembly was held together using four
M4 nuts and bolts and pressure sealing washers. The gasket on the top and the stainless steel
plate has an opening of 10 mm x 10 mm to expose boiling area to water. The 1.5 mm gasket
underneath the ceramic chip holder had a 15 mm x 15 mm opening for entry of the heater.
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Figure 8 Schematic of base block assembly
Figure 8 shows assembly of the base block. This assembly consisted of a base block, 2
compression plates and 4 rubber silicone gaskets. The main block has 2 holes with 1/8 NPT
threads for auxiliary heaters (Watlow make, 125 W) on its sides, and a hole of diameter 12.5 mm
on the top to maintain atmospheric pressure. It had four 5.5 mm holes drilled at the bottom in its
holding area, to secure the ceramic chip holder. The glass windows were held together laterally
using compression plates, six M8 fasteners and silicone rubber gaskets making the assembly leak
proof. The enclosure between the two windows provided the holding space for boiling water.
The compression plates had dimensions of 140 mm x 115 mm x 6.35 mm thick and had window
of 80 mm x 55 mm for the visuals. The observation window was made of borosilicate glass of
101.6 mm x 76.24 mm x 9.525 mm thick. The gaskets were 100 mm x 75 mm x 1.5mm thick and
had an opening of 80 mm x 55 mm in their center.
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Figure 9 Schematic of the heater assembly
The copper heater is made of a copper rod 25.4 mm in diameter and 115 mm in length, as
shown in Fig. 9. Top of the heater was squared to 10 mm x 10 mm and a height of 30 mm. This
section has 3 holes of 0.762 mm diameter and 5 mm depth and spaced 8 mm apart to enable
access to thermocouples. To reduce heat losses, a sudden change in area was made gradual by
making the edge chamfered. The top face was ground to a flatness tolerance of ± 0.05 mm, using
a surface grinder to reduce losses due to contact between heater and test chip. From the base, the
heater had a hole of 12.5 mm in diameter and 80 mm depth to provide a tight fit for the 1000 W
cartridge heater. This base was squared enabling it to be held inside the ceramic heater holder.
The square had sides of 19.05 mm x 19.05 mm and depth of 14.7 mm.
The copper heater sits on a ceramic heater holder insulating the setup from the high
temperatures of the heater. It was made using 51 mm x 51 mm x 25.4 mm thick ceramic. It had a
through pocket of 19.1 mm x 19.1 mm for the heater to be held vertically and ensure that the
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leads came out from the bottom side. This heater holder was held on an aluminum base. It had a
pocket of 51.5 mm x 51.5 mm x 10 mm depth for the ceramic heater holder to sit perpendicular
and perfectly align the heater. It had a hole and a slot from underneath for the cartridge heater
leads. The entire assembly was held perfectly aligned and the heater was in perfect contact with
the chip using four M6 screws and springs as shown in Fig. 6.
The copper heater was insulated using fiberglass pipe insulator minimizing heat losses to
the atmosphere. Arctic Silver® 5 thermal paste is used to minimize contact resistance between
heater top and the test section. A heat loss analysis was conducted, with results indicating that
the conduction is one dimensional. Figure 10 shows the location of the three thermocouples
measuring temperatures used to calculate input heat flux and direction of heat flux with an
assumption that the flow is 1D.

Figure 10 Cross section of the heater
The heat flux is calculated using Fourier’s Law
(1)
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The temperature gradient

⁄

is calculated using Taylor’s backward series approximation
(2)

A thermocouple was inserted inside a chip, and the reading was used to calculate surface
temperature of the boiling surface. A detailed description of the test chip is provided in section 4.
The surface temperature was calculated using equation (3)
(

)

(3)

A national instruments cDaq-9172 data acquisition system was used to measure the
temperature and a LabVIEW® virtual instrument (VI) was programmed for recording data and
calculating surface temperature and heat fluxes.
3.2. Experimental procedure

The objective of the testing was to find an approximate value of the critical heat flux of
each of the test chips tested on the setup. A DC power source was used to power the main heater
and the two auxiliary heaters. The voltage of the power source was adjusted, to set the heat input
to the copper test section. The voltage was maintained, till a steady state boiling condition was
observed. The temperatures were monitored by a LabVIEW® virtual instrument (VI). Upon
achieving steady state, data was logged for 10-15 seconds at a rate of 4 data points per second.
To record the temperature values, log button on the VI was pressed. The VI is shown as a part of
Fig. 11. To stop recording, the button was pressed again. The voltage across the copper heater
was increased in steps of 5-8 Volts and above procedure was followed. This procedure was
followed until heat fluxes of 1,500 kW/m2 . Beyond this value of heat flux, the voltage was
increased in smaller increments of 2-3 Volts. Necessary precautions were taken to check for
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critical heat flux condition by closely and continuously monitoring the boiling surface, the
bubble dynamics and temperature readings on the LabVIEW® VI. Once the surface reached
critical heat flux, the temperature of the test section rises by 200-300°C in a matter of few
seconds, which may result in permanent damage to the test setup. Upon achieving the critical
heat flux, the power to the heater was cut off and water was squirted on the boiling surface to cut
off the vapor film and resume nucleate boiling. Auxiliary heaters were given maximum power to
maintain saturation temperature of water in the setup.
3.3. Data Acquisition

The test setup had specific spots for 5 different K-type thermocouples. Three holes for
thermocouples T1 , T2 and T3 were drilled to measure inlet temperatures for calculation of input
heat flux on the copper heater are shown in the Fig. 11. Thermocouple T4 measured the
temperature at the center of the chip. This reading was used to calculate surface temperature of
the boiling surface. Thermocouple T5 is inserted from top of the setup to measure the bulk
temperature of water. NI - 9213 temperature module and NI cDAQ - 9172 chassis were used for
recording temperatures. A custom LabVIEW Virtual Instrument (VI) was developed to record
the temperature values. The values were temperatures were recorded at the rate of 5 readings/
second. The VI had an indicator which would turn on if the temperature of the surface exceeded
135°C.

24

Figure 11 Schematic of data acquisition of the setup
3.4. Uncertainty Analysis

A careful uncertainty analysis was performed, similar to [16] and [49]. With any
measurement equipment, there is always an inherent error which is either due to its resolution or
calibration; or due to fluctuations or low sensitivity in the testing equipment. Errors arising from
calibration or resolution are called as bias errors and errors due to fluctuations or sensitivity are
called precision errors. The cumulative error can be expressed by
√

(4)

Where, Uy is the uncertainty or error, By is the bias error and Py is the precision error.
Each thermocouple was calibrated, and its precision error was determined statistically as ±0.2°C,
considering calibration accuracy and precision. There were uncertainties in thermal conductivity
of copper due to variation of temperatures during testing. Also, spacing between the
thermocouples on the copper heater and thickness of the test section carry some uncertainties,
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based on the resolution of the measurement equipment. These uncertainties are illustrated in
Table 3
Table 3 Uncertainties in various parameters
Sr.
No.

Parameter

Value

Unit

Up

Value

%
Uncertainty

1
2
3
4
5
6

kCu
Lcu
∆x
T1
T2
T3

391
0.003
0.008
Varies
Varies
Varies

W/m.K
m
m
°C
°C
°C

Uk, Cu
UL, Cu
Ux, Cu
UT 1
UT 2
UT 3

9
0.00025
0.0001
0.11
0.15
0.11

2.24
8.33
1.25
N/A
N/A
N/A

The uncertainties in measurement of temperature and distance between thermocouples
propagate an error in evaluation of heat flux. Also, errors propagate in calculation of surface
temperature due to errors in measurement of thickness of the test section. These errors were
calculated using equation given by [49]. The equation is given as

√∑

(

Where

)

(5)

was the uncertainty in p and

was the uncertainty of measured parameter

.

The uncertainty in the heat flux was given by Equation (6)

√[( )

(

)

(

)

(

)

(

) ]

(6)

Using equation (6) and using values from table 3 errors for different values of heat fluxes
are illustrated in Fig. 12.
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Figure 12 Plot showing variation of error with heat flux
From the graph, it can be observed that the uncertainty at the low heat fluxes was
estimated to be higher as compared to higher heat fluxes. Thus, the range of error was estimated
to be less than 5 percent in the range of interest above a heat flux of about 2,750 kW/m2 .
3.5. Heat Loss Study
To ensure that the heat generated from the cartridge heater was transferred to the test
section through 1D conduction, a heat loss study was conducted. According to Fourier’s law of
conduction, the temperature profile over the length of the heater in region where temperatures
are measured should be linear. This ensures that there are no heat losses, and that the heat
transfer is one dimensional.
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270.6 kW/m2
619.2 kW/m2

40

Temperature (°C)

1152 kW/m2
1714.1 kW/m2

y = -5.1405x + 363.07
R² = 0.9982

30

y = -3.5104x + 287.45
R² = 0.9979

20

y = -1.964x + 214.39
R² = 0.9969
y = -0.9183x + 153.74
R² = 0.995

10

0
0

4

8
Distance from T3 (mm)

12

16

Figure 13 Heat loss study showing variation of temperature over the distance

Figure 13 shows a graph of temperature plotted against distance at heat fluxes 270.6,
619.2, 1,152 and 1,714 kW/m2 . It was seen that the profile of the line shows linear progression as
R2 was very close to 1 at all heat fluxes. This indicated that the temperature profile is linear, with
minimal losses from the sides of the copper rod.
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4. Test section

Initial experiments were conducted on plain chips with no microchannels over them. The
aim of the experiment was to obtain optimum parameters necessary for obtaining microporous
surfaces, and extrapolating them on the microchannel surfaces. After carefully reviewing
processes presented in literature, a two stage electrodeposition process was chosen for obtaining
microporous surfaces for pool boiling heat transfer. The advantages of this process were


Lower time required as compared to most other processes



Involved room temperature and reduced risks of warping or annealing due to higher
temperatures



Thin films were in the range of 20-100 μm



Porous surface could be selectively deposited by electrically insulating the remainder area of
the chip



Pore sizes can be controlled by controlling current density and time of deposition



No special care was necessary for the finished product apart from cleaning it in water and
drying with compressed air

Disadvantages of this process were


High initial cost of equipment and consumables



Special training to handle chemicals



Storage of chemicals needs special care, e.g. very little moisture content, under refrigeration
etc.
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4.1.

Electrodeposition Technique development

Figure 14 below illustrates electrodeposition of copper. In this setup, the test section is
the cathode and a piece of copper is used as an anode. The anode could however be any other
metal that furnishes electrons. A direct current power source (Princeton Applied Research
VersaSTAT 3 and Gamry Instruments Series G™ 300) were used for all the experiments. The
cathode and anode are immersed vertically in an electrolytic bath containing metal salt dissolved
in distilled water (in this case, CuSO 4 in water). Upon application of direct current, positive ions
(Cu2+) are formed at the anode; reducing copper from copper sulfate solution to Cu2+ that travel
towards cathode. Subsequently, SO 4 2- ions are discharged from the solution, thus completing the
electrical circuit. This way, copper is coated on the test section connected to the cathode.

Figure 14 Setup for electrodeposition
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The electrochemical process that takes place upon application of direct current was given
by two reactions. At the cathode, the electrons were supplied to the metal cation which had
initially migrated from cation. The reaction at cathode can be given by
(7)
At the anode, electron was furnished to reduce metal salt to metal cation. Its reaction
could be given by
(8)
From the above reactions it can be observed that the metal cation was formed at the
anode when it lost its free electrons. Thus, the cation migrated from anode to cathode where it
gained the electrons. This completed the electrical circuit. As the cation received electrons at the
cathode, it was deposited there. By Faraday's Laws of electrolysis, the amount of metal deposited
is proportional to the current and the duration [50,51]. This process could be completed by either
passing direct current through the electrolytic solution (galvanostatic) or by holding the substrate
electrode (anode) at a potential (potentiostatic). In the present work, galvanostatic method is used
to create microporous enhanced surfaces.
The electrolytic bath used in the present work had 0.8 M copper sulfate and 1.5 M
sulfuric acid. To prepare this solution, copper sulfate (CuSO 4 ) and sulfuric acid (H2 SO4 )
manufactured by EMD Millipore Chemicals and Avantor™ Performance Materials, Inc.
respectively were obtained.
The test sections were initially created using method suggested by Shin and Liu [52].
This process involves wet electrochemical deposition accompanying evolution of hydrogen
bubbles, which were deliberately suppressed in conventional processes to produce dense metallic
components. These hydrogen bubbles function as dynamic templates during deposition. The
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surface pore size of the deposit increased with the time of deposition due to coalescence of these
hydrogen bubbles. It can be visualized from the process steps shown in Fig. 15. These test
surfaces however did not bond properly with the substrate, and came off during pool boiling
tests, yielding unstable results. Thus, bonding the porous matrix to the copper substrate was an
important issue to tackle.

Figure 15 Deposition of porous copper using hydrogen bubbles as templates

Albertson [27] found that nodules are formed by plating at high current densities and may
be further plated at lower current densities to strengthen and enlarge them. He invented a
technique in which a heat transfer enhancing surface can be obtained by initially coating at
higher current densities for a short duration of time, followed by lower current densities for a
larger duration. In the first step, there was deposition of copper along with simultaneous
evolution of hydrogen bubbles, leaving behind porous copper as suggested by Shin and Liu [52]
and seen in Fig. 15. In the second step, value of current density was chosen such that there is
deposition of copper without evolution of hydrogen. This enhanced the bond of the porous
copper to the substrate by reducing its porosity. This process is studied in depth in further
sections.
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The performance of the electrodeposited copper in pool boiling applications has been
investigated earlier [27,28,31] with the conclusion that morphology of copper was an important
factor in this applications. The morphology of electrodeposited copper is controlled by
controlling electrochemical parameters such as potential, current density and magnitude of
agitation in the solution. In the present investigation, we have examined a situation where a new
atomic layer of copper is deposited followed by concurrent evolution of hydrogen gas on the
surface.

Figure 16 Preparation of the electrodeposited copper chips

The electrochemical deposition of copper was carried out using a plain copper chip (area
1cm2 ) as the working electrode along with another copper chip as the counter electrode in a
solution containing 0.8 M CuSO 4

and 1.5 M H2 SO4 and using a current step program with

reversal of current as shown in Fig. 16. A saturated calomel electrode (SCE) was used as the
reference electrode and all the voltages were recorded with respect to the SCE. The
electrochemical cell is subjected to a high current density for a period of 15 sec followed by a
lower current density for durations ranging from 2500-4500 sec. The magnitudes of the upper
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current densities were in the range of 300-650 mA/cm2 . The morphologies of the deposits have
been examined to the suitability of pool boiling application. In order to understand the
electrochemical processes that occur during the current step electrolysis, chronopotentiometric,
chronoamperometric and cyclic voltammetric analysis have been carried out.
4.1.1. Chronopotentiometric analysis of copper deposition

Chronopotentiometry is the process in which the rate of change of potential at an
electrode is measured, by controlling the current [51]. The chronopotentiometric recordings were
carried out at the current densities shown in Table 1 to obtain information on working electrode
processes. When a current density of -0.30 A/cm2 is applied to the working electrode, the
potential rapidly shifted from 0 to about -0.68 V and the transition time for the cathodic process
is estimated at 0.24 seconds. Thereafter, the working electrode potential reached a value of - 1.10
V. Upon stepping the current to -0.04 A/cm2 , the potential reached 0 V. The product of current
density and square root of the transition time (Table 4) is nearly constant suggesting that the
copper deposition is diffusion controlled.
Table 4 Transition times for copper deposition
Current density (io )
(A/cm2 )
-0.15
-0.20
-0.30

Transition time (τ)
(s)
1.44
0.99
0.26

io τ 1/2 (s 1/2 )
(A/cm2 )
0.18
0.19
0.15

The diffusion controlled nature of the deposition has been examined through cyclic
voltammetry and chronoamperometry. A well-defined cathodic peak voltage (Epc) appeared at
Epc= - 0.24 V. Upon reversal of the sweep past Epc, a well-defined sharp anodic peak voltage
(Epa) appeared at - 0.06 V. If the Epc is extended to -0.84 V, background electrolysis sets in with
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evolution of hydrogen. These peak potentials are identical to the ones reported in literature for
copper ion reduction and oxidation of deposited copper metal.
Cu++ + 2e = Cu

Cathodic process [Epc=-0.24V]

(9)

2H+ + 2e =H2

Cathodic process [E > -0.84 V]

(10)

Cu=Cu2+ + 2e

Anodic process [E >-0.06 V]

(11)

When the chronopotentiometric recording is carried out, the potential of the working
electrode initially stayed for about 0.26 s to 1.44 s at the copper deposition region. Thereafter the
potential shifted to -1.1 V, which corresponds to the evolution of hydrogen along with copper
deposition for a period of 8.56 to 9.74 seconds, depending on the current density used in the
experiment. The initial amount of copper deposited is shown in Table 5.
Table 5 Amount of copper deposited in the transition region
Current density
A/cm2
-0.15
-0.20
-0.30

Total
coulombs
C/cm2
0.22
0.20
0.08

Transitional Copper
deposition
at-0.50 V (μg/cm2 )
72.4
65.8
26.3

Coulombs consumed for
mixed copper and
hydrogen gas (C/cm2 )
1.28
1.80
2.92

The amount of copper deposited decreases with higher current densities; at the highest
current density of 300 mA/cm2 , the number of atoms of copper deposited is 2.5 x 1017
atoms/cm2 . Taking the area occupied by a copper atom based on the radius as 1.3 x 10 -8 cm, it
would amount to about 1.9 x 1015 atoms of copper in one square centimeter area. This value
suggests that the atomic layer coverage occurs in the first step of the deposition process. The
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subsequent growth of copper is controlled by the hydrodynamics that sets up at a more negative
potential.
4.1.2. Chronoamperometric analysis of copper deposition:

Chronoamperometry is an electrochemical technique in which the potential of the
working electrode is stepped and the resulting current from the process occurring at the electrode
is monitored as function of time. Since the current is integrated over relatively longer time
intervals, chronoamperometry gives a better signal to noise ratio in comparison to other
amperometric technique [51]. The potential step electrolysis of copper deposition has been
examined by stepping the potential of the copper electrode from 0 V to -1.1 V. The current decay
with time is shown Fig. 17.

Figure 17 Decay of current with time
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For a diffusion controlled process, the decay of current decay is analyzed by Fick’s law
of diffusion and the resulting current-time relationship as derived by Cottrell [51] is given by
equation (6)
⁄

(12)

⁄

Where n is the number of electrons, F is Faraday constant, A is the area of the electrode,
D is the diffusion coefficient, C * is the concentration of copper ion and t is the duration of
electrolysis. This equation predicts that a plot of id vs t-1/2 is constant with a slope given by the
remainder terms divided by π. Analysis of the current transient shows linearity for the first 2.5
seconds with a slope of 57.745. This slope yields a value of diffusion coefficient of 0.43 x 10-6
cm2 /s. The value obtained is slightly lower than reported in the literature [53–55] which ranges
from 7 x 10-6 cm2 /s to 8 x 10-6 cm2 /s. These diffusion coefficients were measured for copper
chloride in sodium perchlorate medium.

In addition, it has been shown that the copper ion

diffusion coefficient is dependent on sulfuric acid concentration; it decreases with increasing
concentration [56]
The current-time transient analysis shows a piecewise linear curve with a starting slope at
2.5 seconds and another from 2.5 to 12 seconds. While the first linearity is smooth (Figure 18
(a)), the second one had divergence due to convection caused by hydrogen gas evolution at the
electrode. These are shown Fig. 18 (a) and (b).
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Figure 18 (a) Linearity of current against square root of time (b) Divergence due to
convection caused by hydrogen gas evolution at electrode
4.1.3. Cyclic voltammetric analysis:
Cyclic voltammetry is a technique in which the working electrode potential is ramped
linearly against time. Once the experiment reaches its set potential, the potential ramp is
inverted. This process is used to study electrochemical properties of constituent in an electrolyte
solution [51]. Figure 19 shows the cyclic voltammetric peak for copper ion reduction and its
complementary oxidation peaks. It also shows the potential at which the background electrolysis
(hydrogen ion reduction) occurs. Table 6 shows the cyclic voltammetric peak currents and
potentials at different sweep rates. The near constancy of the current function shows that the
copper reduction is diffusion controlled. However, the analysis of currents in the potential region
beyond -0.80 V becomes difficult as the process becomes convection controlled.
Table 6 Cyclic voltammetric data for copper ion reduction
Sweep rate, Epc (V)
Ipc (μA)
Epa, (V)
Ipa (μA)
Ipc/v1/2
(mV/s)
10
-0.258
9.40
-0.019
46.94
2.97
20
-0.267
12.68
-0.078
61.32
2.83
50
-0.286
17.49
-0.067
74.05
2.47
100
-0.309
22.30
-0.058
76.87
2.23
Working electrode: Pt disc electrode; Concentration of CuSO4 : 1 mM
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All the electrochemical results indicate that there is an atomic layer deposited initially
over which further growth occurs. This later growth is convection controlled growth which
produces the porous structure.

Figure 19 Cyclic voltammetric peak for the copper ion reduction and its complementary
oxidation peaks
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4.1.4. Modeling of Nucleation:

The ideal morphology for pool boiling application has been arrived at by using the
galvanostatic condition that is discussed earlier and testing these surfaces under pool boiling.
Based on this data, we considered the possibility of adopting instantaneous 2D nucleation of
copper or progressive nucleation of copper. The instantaneous nucleation as an exponential
growth is given by [57]
(

(

)

)

(13)

Where i is the current at any time t and im is the maximum current at tm . This equation is
modified from the progressive nucleation as
( )

(

(

)

)

(14)

The experimental current-time transient shows the plots of i/im vs t/tm and i/im vs (t/tm)2 in
Fig. 20 (a) and (b).

Figure 20 Experimental current-time transients shows the plots of (a) i/im vs (t/tm)2 (b) i/im
vs t/tm
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The results suggest that there is progressive nucleation occurring in copper deposition at a later
stage of deposition. As there is no increase followed by the decrease observed in i/im in the
curves in Figures 20 (a) and (b) as predicted by the models, the analysis will have to be confined
to the decreasing part of the expected behavior proposed in [58]. Scharifker and Hills [59]
proposed a model for 3D nucleation and diffusive growth under diffusion controlled deposition
which follows the current response as shown in equation (15)
⁄

[

(

)]

(15)

Where,
⁄
⁄

( ) [

]

A1 is the nucleation rate, n is number of electrons, C * is the concentration of copper ion,
M is molar mass and ρ is the density. If we consider a situation when the exponential term tends
to 1, equation (15) simplifies to equation (12). Hence, Fig. 18 (a) suggests that 3D model is a
good fit for the nucleation mechanism involving diffusional growth of copper atoms.
4.2.

Test Matrix

A two-step electrodeposition process was employed for depositing microporous surface.
Section 4.1 suggested that the nucleation mechanism responsible for depositing porous copper on
plain chip was a dependent on the applied current density. Also, cyclic voltammetry suggested
that evolution of hydrogen takes place at current density of about 98 mA/cm2 . Thus, varying
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current densities will vary the morphology of the deposit. Thus, for initial trial runs, the first step
consisted of high current densities (300-650 mA/cm2 ) for a short span of time, followed by a
lower current density (40 mA/cm2 ) for a longer time. This was expected to produce stable
deposits, which were not easily removed in the tape test.
Test chip was made from a 3 mm thick copper sheet. Dimension of the test section were
20 mm x 20 mm. The lower side (heater side) of the test section has a 2 mm thick and 2 mm
deep slot creating a perfect 10 mm x 10 mm square. This slot was created to promote 1D
conduction of heat flux. On one of the sides of the test section, a 0.3 mm diameter hole was
drilled 10 mm deep, and whose center was 1.5 mm from the boiling surface and 10 mm from the
side. The other side of the test chip was the boiling surface. Initially the boiling side had no
microchannels. For the second part of the study, microchannels were milled on the boiling side
of the chip on 10 mm x 10 mm area in the center. Figure 21 shows a microchannel test chip.

Figure 21 3D representation of the chip showing its boiling and heater sides and hole for
thermocouple
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4.2.1. Plain chips

In first part of the study, chips described in section 4.2 without any microchannels were
prepared. The chip was initially cleaned with isopropyl alcohol (IPA) and distilled water. The
central 10 mm x 10 mm area was marked and the remainder area was insulated electrically using
an insulation tape. The chips were immersed in the electrolytic bath vertically and the test chip
was connected to the cathode. Suitable value of the current density was set and direct current was
passed through the cell. Different morphologies of microporous copper were developed on 10
mm x 10 mm area in the center of boiling side. The chip was then cleaned with distilled water
and dried with compressed air. Seven such chips described in Table 7 were prepared for the
study.
Table 7 Test matrix for plain chips
Chip
number

Time
(sec)

1P

Initial current
density
(mA/cm2 )
-650

Time
(sec)

Thickness
(µm)

15

Final current
density
(mA/cm2 )
-40

4500

83.3

2P

-650

15

-40

3600

76.9

3P

-650

15

-40

2500

66.2

4P

-600

15

-40

2500

53.1

5P

-500

15

-40

2500

59.9

6P

-400

15

-40

2500

61.7

7P

-300

15

-40

2500

69.7

Figure 22 shows X-Ray diffractometry images (XRD) of chips 6P. XRD is a technique
which records a scattering pattern produced when a beam of x-ray interacts with a material.
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Thus, this experiment was conducted on Chips 6P to detect presence of any impurities,
particularly oxides in the deposit. Every material has a unique scattering pattern. The recorded
pattern was compared to an exhaustive database from International Center Diffraction Data
(ICDD). Figure 22 shows scattering pattern of chip 6P. Vertical lines in Fig. 22 indicate the
peaks available in the database of ICDD, whereas red distorted lines show the observed
diffraction pattern. Small amplitude of the pattern was considered as noise. Superimposing the
available data on the obtained XRD, it was observed that the deposit was pure copper, with no
impurities.

Figure 22 XRD of chips 6P and 7P showing presence of pure copper without any oxides
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Initially three chips, Chip 1P, 2P and 3P, were investigated. They were prepared to study
the effect of duration of the second stage electroplating on pool boiling heat transfer
performance. Their preparation techniques are listed in Table 7. All the three test sections were
tested for contact angles on VCA Optima contact angle measurement equipment. The surfaces
were hydrophilic. Their contact angles for chips 1, 2 and 3 were 18°, 29° and 12° respectively, as
shown in Fig. 23.

Figure 23 Contact angles of (a) Chip 1P, (b) Chip 2P and (c) Chip 3P

The time in second step was lowered to 2500 seconds after comparing the pool boiling
results of Chips 1P-3P, which are discussed in section 5.1. Chips 3P - 7P were prepared with
lower time in second step, as described in Table 7. Contact angles for these test surfaces were
measured and the surfaces are observed to be hydrophilic in nature as evident from Fig. 24.
Contact angles of these surfaces are in the range of 7° to 14°. Without the microporous surface
coating, the contact angle of water on copper is generally observed to be between 69°-71°.
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Figure 24 Contact angles of (a) Chip 3P (b) Chip 4P (c) Chip 5P (d) Chip 6P and (e) Chip
7P

Laser confocal images of these structures are shown in Fig. 25. Cauliflower-like
microstructures are clearly seen in these images. The diameter of the cauliflower structure for
Chip 7P is seen to be approximately 30-50 µm and 20-30 µm for Chip 6P as observed in Figures
25 (a) and (b). For increased current density, the electrodeposited surfaces showed a reduction in
the density of the cauliflower structures. This reduction in density is observed in Fig. 25 (c).
Open dish like structures of diameters in range of 30-90 µm are observed as seen in Fig. 25(d).
As observed

earlier,

there is simultaneous evolution of hydrogen bubbles along with

electrodeposition of copper.

At lower current density, there is comparatively less evolution of

hydrogen gas. Thus, microstructures formed look like cauliflower. At higher current density,
there is higher frequency of evolution and coalescence of hydrogen bubbles, resulting in an open
dish like morphology. This can be observed from the laser confocal images in Figure 25 (a-d).
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Figure 25 Laser confocal images of (a) Chip 7P (B) Chip 6P (c) Chip 4P and (d) Chip 3P

To understand the morphology further, SEM images of chip 3P and 6P were taken as
seen in Fig. 26 (b) and (d). The SEM in fig. 26 (a) showed that there were open dish like
structures as seen in the laser confocal microscope images. The open dishes like structures were
observed. This could be attributed to simultaneous evolution and coalescence of hydrogen
bubbles and deposition of copper as seen earlier in section 4. From this SEM, it can thus be
concluded that at higher current densities, frequency of coalescence of hydrogen bubbles
increases. This increased rate would lead to formation of hydrogen vapor film over the chip
preventing further deposition if electrodeposition is continued for a longer duration. Diameter of
the dish like structure was observed to be approximately 70 µm. Also, pore sizes in range on 0.75 µm were observed. On the contrary, in Fig. 26 (b) it could be seen that at lower current
densities, there was reduced evolution of hydrogen bubbles. The frequency of coalescence was
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lower, thus creating cauliflower-like morphology. Diameter of the cauliflower like structure and
its pore sizes were 40 µm and 0.5-2 µm respectively.

Figure 26 SEM images of (a) Chip 3P and (b) Chip 6P

4.2.2. Microchannel chips

Microchannels of required dimensions were initially machined on the test chips. The
chips described in 4.1.1 were then cleaned with IPA and distilled water and further dried using
pressurized air. The region with microchannels was left exposed, while the remaining chip was
electrically insulated using an insulation tape. The microchannels were filled with paraffin wax,
ensuring that only the top of the fins was exposed to the electrolytic bath. This coated chip was
connected to cathode and another copper chip was connected to the anode. Figure 26 shows
schematic of the coating procedure. From Section 5.1 discussed further, it was concluded that the
electrodeposition process with initial current density of 400 mA/cm2 for 15 seconds followed by
a current density of 40 mA/cm2 for 2500 seconds yielded the best performance. These
parameters were chosen for investigation of their effects on microchannel fin tops. These values
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of current density were set on the potentiostat. After deposition, the chip was removed carefully
from the electrolytic cell and cleaned with running distilled water to remove any dissolved
copper sulfate. After cleaning, the chip was placed in boiling water for 3 hours to remove the
paraffin wax inside the microchannels. Schematic of the entire process is shown in Fig. 27.

Figure 27 Schematic of electrodeposition of microporous copper on top of microchannels

Table 8 describes the microchannel surfaces prepared for the study. The dimensions of
the microchannels were based on study by Cooke and Kandlikar [35] and considering the
limitations of the tools available. The test matrix was comprehensive and could be used to
49

identify any geometric trends that would be visible after testing them for pool boiling heat
transfer performance. The microchannels were milled using a CNC machine. The channels were
milled at high spindle speeds to give the channels a polished finish in order to reduce the number
of cavities which might be activated for nucleate boiling at higher heat fluxes.

Table 8 Test matrix showing dimensions of the microchannels of the test sections, number
of channels and the thickness of the deposit. Microporous surfaces were prepared using
initial current density of -400 mA/cm2 for 15 seconds followed by a final current density of 40 mA/cm2 for 2500 seconds.
Sr.
No.
1

Fin Channel
width
width
(µm)
(µm)
200
300

Channel
depth
(µm)
200

Number
of
channels
20

Thickness
of deposit
(μm)
76.3

2

200

300

300

20

68.6

3

200

300

400

20

81.1

4

200

400

200

17

67.5

5

200

400

300

17

70.3

6

200

400

400

17

56.9

7

200

500

200

15

79.7

8

200

500

300

15

72.6

9

200

500

400

15

73.3

10

200

762

200

10

80.9

11

200

762

300

10

81.4

12

200

762

400

10

63.9

13

500

762

400

8

61.9

14

1000

762

400

5

59.6
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Prior to conducting heat transfer experiments, the contact angles for all the test surfaces
were measured. They were found to be superhydrophilic with contact angles in the range of 2°9°. SEM images of the surfaces were taken to compare their morphology. Figure 28 (a-f) shows
SEMs of Chip 1, Chip 2, Chip 6, Chip 9, Chip 10 and Chip 12. All SEM images were almost
identical, as they were prepared without any agitation using the same electrolytic bath
composition, current density and time of deposition. All the other chips also had similar SEM
images, thus confirming that the morphology of the porous/microporous surfaces on all the
microchannel fin tops were identical according to the optimal process parameters developed in
section 5.1. Pool boiling experiments were then conducted to study the combined effects of the
microporous coatings and microchannels for these chips.

Figure 28 SEM of the test chips (a) Chip 1 (b) Chip 2 (c) Chip 6 (d) Chip 9 (e) Chip 10 and
(f) Chip 12
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5.

Results and Discussion

5.1.

Plain chips

Initially, chips 1P – 3P were tested to evaluate their performance for pool boiling heat
transfer. The pool boiling curves are plotted in Fig. 29. From the figure it can be observed that all
the three test chips performed nearly the same. Critical heat flux of all the chips were
approximately 1,300 kW/m2 at wall superheat of 18°C. This showed that reducing the time in the
second step had no significant effect on the pool boiling performance. Hence, 2500 seconds was
chosen as the time step for the second stage in electrodeposition.

Figure 29 Pool Boiling curves of Chips 1P, 2P and 3P with degassed distilled saturated
water at atmospheric pressure
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Chips 3P – 7P were tested on pool boiling setup and their comparisons of pool boiling
curves of these surfaces with saturated water are shown in Fig. 30. From the pool boiling curves,
enhancements are observed in all chips prepared under different current densities. The general
trend observed may be summarized as follows: as the current density reduces initially, the pool
boiling curve shifts towards the left. The optimum value of the current density is observed for
Chip 6P, below which the curve shifts to the right once again. The enhancement of CHF for
these surfaces is in the approximate range of 50-90%. It was seen that cauliflower like
microstructures performed better than the open dish like structures.
At low current density (Chip 7P), there was not enough evolution of hydrogen bubbles,
possibly creating surface with a lower porosity. These surfaces do not show substantial
enhancement in their pool boiling performance. There was an optimum value (Chip 6P) of initial
current density which produced required pore sizes. The cauliflower like structures developed at
this current density enhanced the heat transfer performance the highest. This attained a critical
heat flux of approximately 1,400 kW/m2 at wall superheat of 7°C, giving heat transfer coefficient
of 179 kW/m2 °C. Error bars are included in pool boiling curve for Chip 3P. At higher current
densities (Chips 3P-5P), density of cauliflower like structures reduced, due to higher frequency
of hydrogen bubble nucleation. Open dish like structures, created as a result of coalescence of
bubbles, were seen. This results in reduction in copper deposition. Error bar is indicated on pool
boiling curve of Chip 6P. Error bars were not shown on all the plots in order to make the graphs
look clean. Thus from pool boiling curve, it can be observed that there is an optimal value of
initial current density, beyond which the curve shifts to the right.
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Figure 30 Pool boiling curves for Chip 3P – 7P with saturated distilled water at
atmospheric pressure
Another curve of heat flux against heat transfer coefficient was plotted to compare the
performance of the test sections, as shown in Fig. 31. As seen from the figure, the highest heat
transfer coefficient of 179 kW/m2 °C was obtained with Chip 6P. The maximum enhancement
was approximately 275% over a plain copper surface. At lower heat fluxes, all the chips
performed the same. As heat flux increased, Chip 6P performed better than the other chips. The
lowest enhancement of approximately 50% was shown by Chip 3P. This variation could be
attributed to the variation of morphology as seen from the laser confocal images and the SEM.
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Figure 31 Heat transfer coefficients of Chips 3P – 7P at different heat fluxes.

From this investigation, it was concluded that the time in second stage of the
electrodeposition over 2500 seconds has no significant effect on pool boiling curve. Also, higher
initial current densities yield different morphologies, and cauliflower like morphology as on
Chip 6P yielded highest heat transfer coefficient of 179 kW/m2 °C. This recipe was the highest
performing recipe and was used for microchannel surfaces.
5.2.

Microchannel Chips

Figure 32 shows a comparison of pool boiling curve of the microchannel chips tested in
the setup. Wall superheats for all tested chips were less than 15 °C. A maximum critical heat flux
of 3,250 kW/m2 was attained by Chip 9 at a wall superheat of 7 °C. This corresponds to an
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enhancement of 175% in critical heat flux over a plain chip. Chip 8 attained a critical heat flux of
3,000 kW/m2 at a wall superheat of 9.0 °C, showing an enhancement of 150% as compared to
the plain chip. The lowest critical heat flux observed for a coated microchannel chip was 1,760
kW/m2 for Chip 14, which translates into an enhancement in critical heat flux of 75% over the
plain chip.
Another observation can be made regarding the trend in the pool boiling curves for some
of the test chips. It is seen that the wall superheat actually decreases at higher heat fluxes. This is
believed to be due to a combination of additional nucleation occurring within the porous
structure and the increased liquid motion within the microchannel passages.

Figure 32 Pool boiling curves for test chips, using projected heater area
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Figure 33 shows the variation of heat transfer coefficient plotted as a function of heat
flux. The general trend observed in the plots was that the heat transfer coefficient increased with
increasing heat flux. The best performing chip is Chip 12, yielding a record heat transfer
coefficient of 995 kW/m2 °C at CHF, which represents an enhancement of 2,300% over the plain
chip at its CHF. Chip 3 performed similar to Chip 12 yielding a heat transfer coefficient of 867
kW/m2 °C and a critical heat flux of 2,420 kW/m2 at a wall superheat of 2.8 °C. Chip 10 yielded
the lowest value of heat transfer coefficient at 152 kW/m2 °C and a critical heat flux of 2,310
kW/m2 at wall superheat of 15.2°C.

Figure 33 Heat transfer coefficient of the test chips using projected area
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5.2.1. Effect of fin depth

Fin depth has significant effect on heat transfer performance. As the channel depth
increases, the wall superheat decreases and critical heat flux improves. Figure 34 shows the
variation of heat transfer coefficient with increasing channel depth. Chips 1, 2 and 3 show that
with an increase in depth of the channels, the associated heat transfer coefficient increases. There
is a 10% increase in heat transfer coefficient by increasing depth from 200 μm to 300 μm as seen
from performance of Chips 1 and 2. As depth increases to 400 μm, there is an increase of 150%
in heat transfer coefficient. A similar trend is observed in Chips 10, 11 and 12. It can be therefore
concluded that the deeper channels have greater enhancements as compared to shallow channels
over the range of tests conducted. Heat transfer coefficients of Chips 3 and 12 were comparable.
Further increases in channel depth are suggested in future studies.

Figure 34 Heat transfer coefficient of test chips with respect to their channel depth
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5.2.2. Effects of channel width

Figure 35 (a) and (b) shows the effects of variation in channel width on heat transfer
coefficient and critical heat flux. From these plots it can be observed that as the channel width
increases, heat transfer coefficient decreases up to a point, beyond which it increases again. From
the plot in Fig. 35 (a), it can be observed that heat transfer coefficient reduces for Chip 6 and
Chip 9 as compared to Chip 3, but increases for Chip 12. Critical heat flux on the other hand
increases as channel width increases, but there is a certain value beyond which it starts
decreasing. A record highest heat transfer coefficient of 995 kW/m2 °C was obtained. For Chip 3
with narrow channels, heat transfer coefficient of 867 kW/m2 °C was obtained for Chip 12.
Critical heat flux increases from 2,420 kW/m2 (2.42 MW/m2 ) for Chip 3 to 3,250 kW/m2 (3.25
MW/m2 ) for Chip 9, and then reduces again to 2,410 kW/m2 (2.41 MW/m2 ) for Chip 12. From
these plots, it can be concluded that to increase critical heat flux, wider channels could be
employed, but up to a critical limit. For increased heat transfer coefficient, wider (greater than
700 µm) or narrower channels (less than 300 µm) could be used.

Figure 35 Plots showing effects of channel width on (a) Heat transfer coefficient (b) Critical
heat flux
59

5.2.3. Effects of fin width

Figure 36 (a) and (b) shows the effect of fin width on critical heat flux and heat transfer
coefficient. From the pool boiling curve, it is evident that as the fin width increases, its critical
heat flux decreases, and wall superheat increases. Chip 13 has a critical heat flux of 2,400 kW/m2
(2.4 MW/m2 ), while Chip 14 has a critical heat flux of 1,850 kW/m2 (1.85 MW/m2 ). Chip 13
shows an enhancement of 100% over the plain surface, while Chip 14 shows an enhancement of
55% over the plain surface.
Another Fig. 36(b) shows comparison of heat transfer performance of the Chips 12, 13
and14. It can be seen that as the fin width increases, its heat transfer performance drops. Highest
heat transfer coefficient for Chip 13 was 238 kW/m2 °C, which is an enhancement of 500% over
the plain surface, while Chip 14 had a highest heat transfer coefficient of only 121 kW/m2 °C,
which is an enhancement of 200% over the plain surface. From this study, it is evident that as the
fin width increases, the performance of the test surface drops.

Figure 36 Plots showing effect of fin widths on (a) Critical heat flux (b) Heat transfer
coefficient
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Based on pool boiling tests conducted on chips 1 – 14, it can be concluded that for the
surfaces, for higher heat transfer coefficient and higher critical heat fluxes, either wider (excess
of 700 μm) or narrower (less than 400 μm) channels, with depths in range of 400 μm and fin
widths less than 250 μm are preferred.
The heat transfer performances of all chips tested in this study are tabulated in Table 9.
All microchannel chips, when tested with saturated distilled water, performed better than the
plain chip. The wall superheat for all chips was less than 15 °C. Chip 14 had the lowest critical
heat flux of 1,855 kW/m2 among the coated chips while Chip 9 had the highest critical heat flux
of 3,250 kW/m2 . Critical heat flux of the plain chip was under 1,200 kW/m2 . A highest heat
transfer coefficient of 995 kW/m2 °C was obtained for Chip 12. The plain chip had a heat transfer
coefficient of 44 kW/m2 °C. Thus, it could be concluded from the result table that the
combination of microchannel with microporous coating on fin tops enhanced pool boiling heat
transfer.
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Table 9 Critical heat flux and heat transfer coefficients of the test matrix
Sr.
no

Fin
width
(µm)

Channel
width
(µm)

Channel
depth
(µm)

Critical heat
flux
(kW/m2 )

Heat transfer
coefficient
(kW/m2 °C)

200

Number
of
channels
(µm)
20

1

200

300

2,120

356

2

200

300

300

20

2,063

384

3

200

300

400

20

2,426

867

4

200

400

200

17

2,088

291

5

200

400

300

17

2,719

720

6

200

400

400

17

2,819

509

7

200

500

200

15

2,269

279

8

200

500

300

15

2,995

326

9

200

500

400

15

3,250

461

10

200

762

200

10

2,319

152

11

200

762

300

10

2,275

183

12

200

762

400

10

2,420

995

13

500

762

400

8

2,405

238

14

1,000

762

400

5

1,855

121
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5.2.4. Comparison with literature

Figure 37 Comparison of Pool boiling curves of Chip 3 and Chip 12 with results available
in literature
Figure 37 shows pool boiling curves for the three highest performing chips, Chips 3, 9
and 12 from the test matrix, were compared with performance plots available in the literature for
other enhancement techniques [3,4,7–10]. The critical heat flux of Chip 9 is comparable to

Li

and Peterson [61], Mori and Okuyama [32] and Kandlikar [60]. Cooke and Kandlikar [35] and
Chen et al. [63] have critical heat flux comparable to Chips 3 and 12. However, the wall
superheats from other studies are considerably higher. For example, the wall superheats for Mori
and Okuyama, and Li and Peterson are in excess of 50 °C, while they are consistently below 563

10 °C for the chips studied in this investigation. Chip 12 had the lowest wall superheat of 2.4 °C
at its critical heat flux of 2,410 kW/m2 , while Chip 9 had a wall superheat of 7.3 °C at its critical
heat flux of 3,250 kW/m2 . The comparison is shown in Fig. 38.

Figure 38 Comparison of heat transfer coefficients of Chip 3 and Chip 12 with results
available in literature
This study evaluated pool boiling heat transfer performance of 14 different chips. The
channels were machined on the test sections. Porous coating was selectively electrodeposited on
top of the fins of the microchannel surfaces. From pool boiling performance, it was concluded
that highest heat transfer coefficient of 995 kW/m2 °C was obtained from chip having high
channel width, high channel depth and low fin width. This is 2300% enhancement over plain
surface. For high critical heat flux, higher channel depths and lower fin widths are preferred but
there is an optimum value of channel thickness before and after which critical heat flux drops.
Highest critical heat flux of 3,250 kW/m2 was obtained at wall superheat of 7°C.
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6.

Heat Transfer Mechanism

6.1.

Comparison of Pool Boiling Curves using Normalized Heat Flux

Figure 39 Comparison of pool boiling curve of Chips 3, 6, 9, 12 normalized to the surface
area, Chip 6P and a plain chip with wall superheat calculated using temperature at base of
microchannels
The heat flux for Chips 3, 6, 9 and 12 were divided by their area enhancement factor to
normalize the heat flux to the plain surface. The pool boiling curve of the normalized heat flux
plotted against wall superheat considering base temperature of the fins, when tested with distilled
water is shown in Fig. 39. Chip 9 had a normalized critical heat flux of 1,444 kW/m2 at wall
superheat of 19°C. The plots of the chips showed enhancements over pool boiling curve of plain
chip when tested with distilled water. The pool boiling curves were compared to the plot of Chip
6P. Chip 6P is a plain chip with porous coating on the entire boiling surface and morphology
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similar to the morphology of porous surface on top of the microchannel fins. Figure 40 shows the
comparison of the heat transfer coefficient plotted against wall superheat. Chip 3 had the highest
heat transfer coefficient of 120 kW/m2°C while Chip 9 had the lowest heat transfer coefficient 70
kW/m2°C.

Figure 40 Plot of Chips 3, 6, 9, 12 with heat flux normalized to the surface area and Chip
6P against heat transfer coefficient calculated using temperature at base of microchannels

Table 10 shows critical heat flux of different chips over their projected and normalized
areas. Also shown in the table are the respective wall superheats at the base and the top surfaces
of the microchannels.
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Table 10 Comparison of pool boiling results using heat flux over projected and normalized
areas for different test chips
Chip

Area
Enhance
ment
factor

CHF over
projected
area
(kW/m2 )

CHF over
normalized
area
(kW/m2 )

Wall
superheat at
base of
microchannel
(°C)

Wall
superheat at
top surface of
microchannel
(°C)

Plain

0

1,043

1,043

27.5

27.5

Chip 6P

0

1,400

1,400

7.1

7.1

Chip 3

2.26

2,426

933

2.8

9.0

Chip 6

2.38

2,819

1,184

5.5

9.0

Chip 9

2.25

3,249

1,444

7.0

10.5

Chip 12

1.76

2,408

1,368

2.4

4.8

When the pool boiling curves of the microchannel chips were normalized to the surface
area, it intended that chips had alternate porous (200 µm) and plain coatings (300-762 µm).
Although the pool boiling heat transfer performance of the microchannel chips with heat flux
normalized to the surface area was similar to the pool boiling curve of Chip 6P, but the
normalized surface had alternate strips of microporous and plain surfaces. This showed that
microchannels had a significant role to play in the enhancement of pool boiling heat transfer.
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6.2.

Comparison of highest performing chip with uncoated microchannel surface

Figure 41 Pool boiling curves showing comparison of pool boiling curves for Chip 12, Chip
12UC and a plain chip

To understand effects of effect of porous coatings on microchannel fin tops, another chip
called Chip 12UC was prepared. This chip had dimensions similar to Chip 12, but without any
microporous coating on its fin top. The pool boiling curves of these two chips were compared
with a plain chip to understand effects of microchannel and microporous fin tops. Figure 41
shows a comparison of pool boiling performance for Chip 12 and Chip 12UC which was a chip
of the same dimensions but without any coating on it and the plain chip. It can be seen from this
plot that the critical heat flux of Chip 12UC was 1,920 kW/m2 , which is 30% lower than that for
Chip 12. There was a reduction of 600% in wall superheat for Chip 12 as compared to the
uncoated microchannel chip. Chip 12UC had a maximum heat transfer coefficient of 190 kW/m2
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°C. Heat transfer coefficient of coated microchannel chip (Chip 12) at CHF was 425% more than
the uncoated microchannel chip and 2,300% more than plain chip as seen in Fig. 42.

Figure 42 Pool boiling curves showing comparison of Heat transfer coefficients for Chip 12,
Chip 12UC and a plain chip
6.3.

High Speed Imaging

To understand the bubble dynamics involved, high speed images of boiling over coated
microchannels were captured using Photron high speed camera. Images were captured at 2000
frames per second (fps); hence, each subsequent image corresponds to 0.5 milliseconds (ms).
Figure 43 (a-h) shows imaging sequence for Chip 9 at a heat flux of 189 kW/m2 . The
microchannel fin tops appear darker as compared to the base of the channels as porous coatings
do not reflect as much light as polished sides and base of the microchannel. The channels were
machined using climb cutting technique, giving it better polish, and reducing the number of
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potential nucleation sites on the sidewalls and the base of the channels. Similar images were
taken at higher heat flux of 613 kW/m2 , as shown in Fig. 44 (a-h).

Figure 43 (a-h) Bubble dynamics of chip 9 at heat flux of 189 kW/m2
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Figure 44 Bubble dynamics of chip 9 at heat flux of 613 kW/m2
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From Fig. 43 (a-g) and 44 (a-g), it was observed that the bubbles grow and depart from
fin tops of the microchannels. In Fig. 10, a bubble could be seen growing and departing on top of
the microchannel fin. In Fig. 44, a vapor column of coalescing bubbles is seen. This showed that
at higher heat fluxes, frequency of nucleation of bubbles was higher. The channels were
observed to be flooded with water.
6.4.

Proposed model of bubble dynamics and heat transfer

Based on the images and the heat transfer results, a heat transfer mechanism based on
bubble dynamics is postulated. Bubbles grow and depart from the top of the microchannel fins.
Porous surfaces enhanced this bubble dynamics further. The microporous network provided
additional nucleation sites of different sizes, resulting in initiation of nucleate boiling at lower
wall superheats. As the bubbles departed, the vacated volume of the bubble was replaced by
water through the porous network. The microchannels act as passages for water supply to this
porous network from all the sides, creating a convective flow. This flow enhanced the convective
heat transfer through the channels, augmenting the heat transfer further. The channels flooded
with water and ensured that the water was constantly fed to the heated surface enhancing the
critical heat flux. Cooke [16] proposed that channels with lower width have higher heat transfer
abilities due to their smaller hydraulic diameters of the channels. This could be clearly observed
in pool boiling curve of Chips 3, 6 and 9. The critical heat flux for these chips was attained due
to coalescence of the bubbles due to increased frequency of nucleation at higher heat fluxes,
preventing water from filling up the microchannels. For wider channels, at higher heat fluxes,
there would be nucleation inside the channels. Large amounts of vapor formation within the
channels enhanced

the heat transfer performance. Due to nucleation at base of the

microchannels, the proposed mechanism would however be hindered. This would result in a
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lower critical heat flux as compared to the narrower channels. These trends could be observed
from pool boiling curves shown in Fig.32. The schematic of bubble dynamics and fluid flow
through the microchannels is shown in Fig. 45.

Figure 45 Schematic of the buddle dynamics
Based on above description, it is evident that for wider channels, there might be
nucleation occurring at the base. Since, the microchannel surfaces are not perfectly polished;
there is a possibility of nucleation from the base of the microchannels at higher heat fluxes. As
the possibility of nucleation from the base of the microchannels cannot be ruled out pool boiling
curves for the test chips were plotted using temperature at the base of the microchannels as
surface temperature for calculating wall superheats. Figure 46 shows pool boiling curves of chips
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1-12 with wall superheat calculated using temperature at base of the channels. The plots were
compared to the original pool boiling curves and it was observed that all the curves had shifted
towards right as expected. This meant that there was a reduction in the overall heat transfer
coefficient due to increased wall superheats. Chip 12, which reached CHF at a wall superheat
2.4°C using the fin top temperature, had a wall a superheat of 10.3°C using the base temperature.
This reduced the overall heat transfer coefficient to 234 kW/m2 °C indicating that there was be
reduction in heat transfer coefficient by almost 80%. Similarly for Chip 3, there was reduction in
heat transfer coefficient from 867 kW/m2 °C to 242 kW/m2 °C.

Figure 46 Pool boiling curve of the chip with wall superheat using distilled water and
atmospheric pressure, calculated using temperature at base of the microchannels
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6.5.

Effect of deeper channels

To further understand the effect of boiling on deeper channels, another chip with channel
width of 762 μm, channel depth of 612 μm and fin width 200 μm with similar microporous
coating was prepared. Narrower channels with similar depths could not be manufactured due to
the tooling limitations.
Table 11 Test matrix showing dimension of the test sections, number of channels, area
enhancement factor and thickness of porous copper
Sr.

Fin

Channel

Channel

Number of

Area

Thickness

No.

width

width

depth

channels

Enhancement

of deposit

(µm)

(µm)

(µm)

factor

(μm)

200

762

612

2.224

66.1

15

10

Contact angle of water on the microporous coating of this chip was 9°. The SEM image
showed a similar cauliflower like microstructures, as seen earlier for the other test chips. Pool
boiling curves of this chip is shown in Fig. 47. This curve is compared with pool boiling curves
of Chip 10, 11 and 12. From the pool boiling curves, it was observed that as channel depth
increased from 200 µm to 612 µm, the curve shifted towards the left. From this, it was observed
that the chip had a critical heat flux of 2,730 kW/m2 at a wall superheat of 0.62°C. This resulted
in an overall heat transfer coefficient of 4,403 kW/m2 °C. When temperature at the base was of
this chip was accounted, the heat transfer coefficient was 543 kW/m2 °C at wall superheat of
1.2°C as seen in Fig. 48. The trends are consistent with the observations made in Section 5.2.2 of
the document regarding the channel depth. It can be seen that as channel depths increase, its
critical heat flux increased. Also its heat transfer performance increased. From the pool boiling
curve, it was observed that, nucleate boiling was initiated from the base of microchannels at a
heat flux of 2,000 kW/m2 , as the wall superheat dropped suddenly. Also, larger area was
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available for convection, which further enhanced heat transfer performance. Nucleation from the
base hindered the replenishment of water, as suggested by the proposed mechanism, achieving a
comparatively lower critical heat flux.

Figure 47 Comparison of pool boiling heat transfer for Chip 10, 11, 12 and 15 using wall
superheat calculated using temperature at top of the microchannel fin to study effect of
channel depths

Figure 48 Comparison of pool boiling heat transfer for Chip 10, 11, 12 and 15 using wall
superheat calculated using temperature at base of the microchannel fin to study effect of
channel depths
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6.6.

Theoretical analysis of the proposed model

An analytical study was then conducted to evaluate the heat transfer coefficient of the
microchannel fins in Chip 12. The microchannels were assumed to be smooth and flow of the
fluid through it was assumed to be laminar and having a uniform velocity. The flow path and
flow boundaries (dotted lines) of water assumed in the analysis are shown in Fig. 16. The water
enters the microchannels from the central region, and is fed to the vacated areas from the sides.
This flow promotes convective heat transfer. Once the bubble departs, water is fed to the
evacuated region from the adjacent microchannels. Thus, considering symmetry, only half of the
microchannel fin surface was considered for further analysis. This region is shown in the box in
Fig. 49. This is because when the bubble departs, the water is fed from adjacent microchannels,
and only one microchannel is considered for this analysis. The analysis could be divided in three
parts. In first part of the analysis, heat transfer coefficient from the side walls and quarter of the
base of microchannel adjacent to the side walls was evaluated. In second part, heat transfer
coefficient of the top of the microchannel fins with micro porous coatings was evaluated. In the
third part, the heat transfer coefficient due to entrance of the fluid in the microchannels due to jet
action of the flow was evaluated.
The flow in the passage between the microchannel fins was assumed to be similar to the
flow inside two infinitely long parallel plates, as depth of the microchannels (400 μm) was very
small as compared to the length of the microchannels (10 mm). The length of the microchannel
under consideration was equivalent to the average diameter of the bubble. The heat transfer
coefficient with this liquid flow was solved as an entry region problem.
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Figure 49 Schematic of the microchannels with a bubble nucleating from top of the
microchannel fin, showing pathway for water as the bubble departs.

The fluid flow inside the microchannels is represented by a schematic as shown in Fig.
17. The flow is assumed to be a flow between two parallel plates. The figure shows two parallel
plates, spaced 190.5 μm. Width of the plates is 587 μm. The liquid was assumed to flow with a
uniform velocity Vm along the direction as shown in the Fig. 50. The central region of the
microchannel was assumed to be the region from where the fluid entered the microchannels. The
microchannel was divided in four equal parts as shown in Fig. 16. Each part had a flow crosssection height of 190.5 μm. The region adjacent to the microchannel wall underneath the
departing bubble was considered for this analysis. Effect of the 90° bend was neglected for
simplifying the calculations, as the aim of the calculations was to find a first order approximation
for the of heat transfer coefficient of recirculated liquid flowing over the microchannel bottom
and the side walls.

78

Figure 50 Schematic of the parallel plates showing the dimensions of the parallel plates,
spacing between them and direction and uniform velocity of fluid flow (not drawn to scale)

The liquid flow was determined from the volumetric flow rate of bubbles leaving the
porous fin tops. The bubble departure diameter and the bubble frequency were obtained from the
high speed images captured at 200 fps. Data from the video are tabulated in Table 12. Diameters
of the bubbles were measured at their departure. Frame numbers were obtained from the
software controlling the videos. All the images were captured at a heat flux of 580.8 kW/m2 .
Table 12 Bubble diameters and frame number from high speed images obtained
Bubble Number

Bubble diameter (μm)

Frame number

1

622

149

2

542

168

3

604

176

4

648

189

5

516

550
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From the above data, mean diameter of the bubbles was calculated to be 587 μm. Also,
from the frame numbers for first four bubbles, the frequency of departure was calculated to be
200 bubbles/ second. Once the bubble departs, it will leave behind a vacated volume equivalent
to its volume at departure. Thus, from knowledge of average diameter of bubble at departure and
frequency of the bubbles per second, the volumetric flow rate of water was calculated to be 2.11
x 10-8 m3 /s. Since the fluid is furnished from both the sides of the microchannel fins, symmetry
boundary condition could be applied from the center of the microchannel fin. Thus, using the
volumetric flow rate and considering half of the volume of the departing bubble, the velocity of
the water was calculated as 0.36 m/s.
Assuming the flow to be between two parallel plates, the hydraulic diameter of the liquid
flow channel was calculated as follows,
(16)
With knowledge of velocity, viscosity and hydraulic diameter, Reynolds number was
calculated as 467. Prandtl number for water is estimated to be 1.75. From Reynolds and Prandtl
number, Peclets number could be evaluated using the following equation:

(17)

Now, if x is the distance from the entrance, the non-dimensional distance x* is defined as,

(18)
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Thus, x* was calculated for different values of x in the entrance region. With knowledge
of x*, local Nusselts number (Nux,h ) was evaluated using the plot of x* against Nux,h in [64].
This gives the value of Nux,

h

at distance of x from the entrance. This plot was created by using

equation (19)

[

∑

(

)

]

(19)

Using the value of Nux,h obtained from the plot, heat transfer coefficient could be
evaluated using the definition of Nusselts number, as given by equation (8),

(20)

From Eq. (20), local heat transfer coefficient was calculated for different locations. The
variation of heat transfer coefficient with the distance is shown in Fig. 51. The average the local
heat transfer coefficients over the entire length was estimated to be 57 kW/ m2 °C.
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Figure 51 Local heat transfer coefficient over the distance x measured from the entrance
region

To evaluate heat transfer coefficient for the top of the microchannel fins, results from the
pool boiling curve of chip 6P from were used. Morphology of the porous surface at the top of the
microchannel fins was similar to that of Chip 6P. As concluded earlier, pool boiling performance
is a property of surface morphology, thus the results could be used in the present investigation.
At the heat flux of 580.8 kW/m2 , the heat transfer coefficient of 84 kW/ m2 °C was obtained.
Further analysis was conducted to understand the heat transfer when the water enters the
microchannels. Water was assumed to enter the channels through the central region and hit the
base of the microchannel. Although water flow in the axial direction could be occurring, it was
neglected in this preliminary analysis. This flow configuration could be treated as a slot nozzle
jet submerged in water. The velocity of the water in the central jet was estimated to be 1.802 m/s.
Since the velocity was considered the same, the value of Reynolds number (Re) and Prandtl
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number (Pr) were the similar to the analysis done earlier. Water was assumed to enter the
microchannels through the central region shown in the box in Fig. 52 (a). The width of the
nozzle was considered as half of the channel width, which was 391 µm. Schematic of the water
flow in the system and its equivalent submerged slot jet nozzle is shown in Fig. 52 (a-b).

Figure 52 (a) Schematic of the microchannels with a bubble nucleating from top of the
microchannel fin, and liquid entering the microchannel through the central region similar
to an impinging jet, (b) equivalent diagram of a submerged slot jet with dimensions

The heat transfer in the stagnation region under the jet has been studied extensively in the
literature. Narayanan et al.[65] had done experimental study on submerged slot jets impinging
normally on the surface and provided a detailed analysis on its flow fields, surface pressures and
heat transfer coefficients. Various researchers [66–68] have given relations between Nusselts
number, Reynolds number and Prandtl number. Chen et al. [66] gave a relation between the three
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numbers for Reynolds number between 55-407 and width of the slot as 234 µm. Velocity of jet
in this case was 0.36 m/s, resulting in Reynolds number of 467. Also, the Prandtl number was
1.75. Thus, [66] provided the closest correlation to calculation of Nusselts number for the above
boundary condition. The equation was given by
⁄

(21)

From the above correlation, value of Nusselts number was obtained as 12.69. Thermal
conductivity of water was assumed as 0.67 W/m °C as earlier. The hydraulic diameter was
calculated as 0.000381 m. The heat transfer coefficient was estimated to be 33.72 kW/m2 °C.
Thus, overall heat transfer coefficient on the microchannel chip would be the average of
the top, sidewalls and the bottom surfaces of the microchannels. An area weighted value of the
overall heat transfer coefficient was obtained as 58 kW/ m2 °C. This value is in reasonable
agreement with the heat transfer coefficient of 69 kW/ m2 °C at a normalized heat flux of 330
kW/m2 from Fig. 39 (h vs. q plot).
Although there are several approximations involved in this analysis, it is seen that the
predictions are within less than 15 percent of the experimental value.

Although a more

exhaustive analysis could be performed for the proposed mechanism, the agreement with the
preliminary analysis presented here suggests that the micro convective flow is a possible
enhancement mechanism in this configuration. This will enable us to further improve the
performance by considering factors that can be adjusted to improve heat transfer under this
mode.
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7.

Conclusions

Microporous surface was developed over plain and microchannel chip using a two-step
electrodeposition technique for enhancing pool boiling heat transfer performance. In the first
step, a high current density (300 – 650 mA/cm2 ) was applied for small time (15 sec). This step
was critical as the morphology of deposit was determined by this step. This was further analyzed
using chronopotentiometry, chronoamperometry and cyclic voltammetry techniques. Based on
the analysis, it was concluded that initially, there was a deposition of atomic layer of copper over
the substrate. This deposition progressed for less than 0.5 seconds. Following the atomic layer
deposition, there was simultaneous evolution of hydrogen bubbles with deposition of copper.
The nucleation of hydrogen bubbles evolved at cathode was a good fit for 3D model proposed by
Scharifker and Hills [59]. In the second step, a low current density (40 mA/cm2 ) was applied for
longer time duration (2500 - 4500 seconds). XRD showed that the deposition consisted of pure
copper, without oxides and other impurities. The microporous coatings were hydrophilic in
nature with contact angles less than 15°. Cauliflower like morphology was developed at lower
initial current densities, and open dish like structures were obtained at higher current densities.
Cauliflower like structures performed better than open dish like structures. Highest heat transfer
coefficient of 176 kW/m2 °C was obtained from chip whose initial current density was 400
mA/cm2 for 15 seconds and 40 mA/cm2 for 2,500 seconds (Chip 6P).
Best performing cauliflower like microporous surfaces were deposited on top of the
microchannel fins. The effect of microchannel dimensions – fin width, channel width and
channel height - was systematically studied on pool boiling performance of saturated water over
at atmospheric pressure. The heat transfer performance comparison was based on their respective
critical heat flux and heat transfer coefficient values. These enhanced microchannel chips with
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electrodeposited microporous coatings on fin tops performed exceptionally well as compared to
the plain chip. The performance of these chips is seen to be superior to any other techniques
reported in literature. The critical heat flux improved, and a significant reduction in wall
superheat was noted. The performance of the chips could be summarized as given below:


Highest critical heat flux – 3,250 kW/m2 at a wall superheat of 7.3 °C for Chip 9



Highest heat transfer coefficient - 995 kW/m2 °C at a critical heat flux of 2,420 kW/m2 for
Chip 12
The effect of microchannel geometry was also studied. Based on this study, the following

observations can be made among the chips tested:


Thinner fins performed better than thicker ones



Deeper channel performed better than shallow ones



Chips with wider channels performed better with respect to heat transfer coefficient.
Narrow channels (less than 300 µm) gave a comparable result



It was observed that as channel width increased from 300 to 500 µm, critical heat flux
increased. As channel width increased beyond this value, the critical heat flux dropped,
suggesting that there is a critical value of channel width for enhancing critical heat flux.

Microporous surfaces on open microchannel fins provides simultaneous enhancement in critical
heat flux and heat transfer coefficient performance for pool boiling of water at atmospheric
pressure. It is believed that a similar performance enhancement can be obtained with other fluids
and

under

different

operating

conditions,

although

the

geometrical

parameters

electrodeposition process parameters may need to be optimized for those conditions.
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and

High speed images were captured at a rate of 2000 frames per second. Based on the
images obtained on different chips, it was observed that nucleation occurred on the top of the
microchannel fins, with porous surface providing nucleation sites and channels acting as water
reservoirs. Departing bubbles created a current of liquid flow in the microchannels enhancing the
microconvective heat transfer. Critical heat flux for narrow channels was reached when the
coalescence of bubbles formed a vapor film on the top and preventing water from filling up the
channels. For wide channels, the heat transfer performance improved as it could sustain the
micro convective flow at higher heat fluxes. However, further increase in the width of the
channels resulted in nucleation at the base between the fins, hindering the replenishment of water
in the channels and reaching an early critical heat flux. The experimental results were close
match to the theoretical model proposed.
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8.

Recommendations for future Work

The present work was done, using degassed saturated water as working fluid. This can be
expanded to a variety of fluids like FC-87, R-134a, ethanol etc. Fluids with lower saturation
temperatures could be employed in semiconductor cooling. Also, performance of the surfaces
using fluids at different pressures could be evaluated.
To evaluate the performance in semiconductor cooling, such similar surfaces could be
developed on silicon substrates instead of copper, and evaluated for pool boiling heat transfer
performance. This study could be expanded by using a variety of fluids and at different
pressures.
The surfaces developed could be used on circular sections with different microchannel
geometries. This could ensure that they can be used in heat exchanger applications. They could
help in compacting heat exchangers.
Also

for

microchannel surfaces,

different enhancements like

nanowires,

oxidized

flowerlike surfaces, sintered surfaces etc. could be evaluated for their heat transfer performance.
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9.

Contributions from the research

From the research following were the contributions



A technique to prepare microporous surface on top of plain surfaces was devised



A technique to selectively deposit microporous surface on open microchannel was devised



Plain and open microchannel surfaces coated with microporous surface were tested for pool
boiling performance, and optimum parameters were obtained



Trends of current density and step time with respect to pool boiling was obtained



Geometric trends for microchannels with microporous coatings were obtained



Record high heat transfer coefficients were obtained



Heat transfer mechanism and bubble dynamics were identified using high speed images and
results



US Patent
 Kandlikar, S.G. and Patil, C.M., 2014,” Enhanced Boiling with Selective Placement of

Nucleation Sites,” Status: Applied


Four major journal papers were written
 Patil, C.M. and Kandlikar, S.G., 2014, “Review of the Manufacturing Techniques for
Porous Surfaces Used in Enhanced Pool Boiling,” Heat Transfer Engineering, 35 (10),
pp. 887-902.
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 Patil, C.M., Kandlikar, S.G. and Santhanam, K.S.V., 2014, “Pool Boiling Enhancement
through Microporous Coatings – Part I: Development of Electrodeposition Coating
Morphology,” International Journal of Heat and Mass Transfer, status: Submitted.
 Patil, C.M. and Kandlikar, S.G., 2014, “Pool Boiling Enhancement through Microporous
Coatings – Part II: Selective Electrodeposition on Fin Tops of Open Microchannels,”
International Journal of Heat and Mass Transfer, status: Submitted.
 Patil, C.M. and Kandlikar, S.G., 2014, “Pool Boiling Enhancement through Microporous
Coatings – Part III: Heat Transfer Mechanisms with Electrodeposited Open Microchannel
Fin Tops,” International Journal of Heat and Mass Transfer, status: Submitted.
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